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rmif-Act': 


ot the outst;uidiuj; now tocfinologios applicable to airt’r;une stnictiiros 
is the Superiilast ic Fonnini’/Di f fits ion Boiwling (Sl’l'/DB) process. This innova 
rive miumfacturini: process in the field o*' tit;uiiiun stnictures has alroadv shown 
import;uit reductions in wieiuht ;md fabrication cost. SPr/HB has the potential 
ot becominj’ the technology bivakthrough to produce the needed low-cost, light 
weight, reliable tit;inium airfnmie stnictures reiiuired for the next generation 
of air vehicle systems. 


Hie progr;uii presented in this report is a continuation of previous NASA 
prognims oriented towards the application of the SPI'/DB process to supersonic 
cmise research (SCR). The present progr.im is the verification of the perform- 
;uice of an .SPP'/1)B structure designed to nveet the requirements of inner wing 
area ot the NASA arrow-wing adv;mced supersonic tninsport concept (a Boeing 
design used as the baseline). 

ITe program consi.sts of selection of structural concepts and their opti- 
mization tor minimum weight, .SPF/DR process optimization, fabrication of repre- 
sentative specimens, and specimen testing and evaluation. 

The structural area used for this research includes both iqiper and lower 
wing panels, where the upper wing panel (mainly designed under compression loads') 
is used for static test evaluation, and the lower panel (mainly designed under 
tension loads) is u.sed for fracture mechanics evaluations. 

Individual test specimens were cut from six 114.3 nin (4.S in.) by 1.3’; mn (54 
in.) p;mels juid con.sist of .30 static specimens, 10 fracture mechanics specinK*ns, 
jind one each full size panel for static ;md fracture mechanics testing. Trace- 
ability is maintained frcmi the large ’’source” pmiels to the individual .small 
.specimens. Tests are performed at teira^eratures of -54® C (-0.5*^ F) , R. T. , .and 
260® C (500® F) . 


Key Rockwell personnel associated with this program are as follows: 


(1. H. .Arvin 
L. fsp'ali 
J. .Stolpestad 
G. .Stacher 
F. Keoller 
C. l.appen 
C. Moore 
S. Storm 


Progr.am Manager 
Project Fngineer 
Fatigue Fracture Mechanics 
Material and Producibil ity 
Material and Produc ibi 1 ity 
(^jality ;md Reliability .As.sur.ance 
Static Tests 
Dynamic Tests 
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Section I 


INTRODUCTION 


BACKGROUND 


This program was one basic facet of an ongoing NASA progr^ 

consisting of interrelated supersonic cruise research (SCR) efforts directed 
toward advancing aerospace technology applicable to future supersonic cruise 
aircraft. 


The NASA SCR program is specifically directed to^rd develo^ent of a 
strong technology base to provide decision making rationale for future 
supersonic aircraft, including aerodynamics, propulsion, systems, and 
structural studies to increase efficiency of the aircraft while also provi ing 
for environmental concerns. Under the SCR program, advances in aerospace 
technology are showing that supersonic cruising vehicles can become 
economically viable in the future. 


Of the technologies being explored, the aircraft structure is ^ong the 
most inroortant because it requires high reliability, structural efficienc) , and 
low cost Several options are available for these structures, including 
id^a^c^'metllu« md composites. The most likely approach to SCR structures 
will probably include an optimum combination of advanced metallics 
composites to produce an efficient low-cost aircraft with minimal risk, l e 
mo^ promising advanced metallic structure that will have direct application to 
SCR is a new anerging technology using superplastic forming and diffusion 
bonding (SPF/DB) properties of metals, particularly titanium. This technology 
promises to become the technological breakthrough required to produce low-cost, 
lightweight, reliable SCR structures. 


OBJECTIVES 

The objectives of this program were to: 

1. Demonstrate the applicability of the titaniim alloy SPF/DB expanded 
sandwich structure to future supersonic cruise aircraft 

2. Establish state-of-the-art procurement specifications and optimize 
process parameters for titaniim SPFA)B 

3. Supplement the design data base for a titaniim SPF/DB sandwich in the 
areas of static design allowable strength, fatigue and crack growth 
characteristics, and crack arrestment techniques 


APPROACH 

This program demonstrated that SPF/DB is capable of producing titanium 
structures that will meet durability and structural requirements of future SCR 
vehicles 


reiXMteil in recent stixlies (references 1 .ind 2 ) which determinovl the 
im^xict of SPF OB technolojtv tv'pical larse, supersonic cruise aircraft, cost 
savings apprixichinji 70 jiercont ;md weight savinjis approiuhins SO jxjrcent , when 
c^Tmparetl with more conventional titaniim manufacturing processes, mnv N' 
ixissiMe. IVsign concepts heretofore considered ineconcmiical or impractical 
necaiuse of high costs and fabrication difficulties, including Simdwu'h 
structures, beadetl jianels, corrugated or sme wave spars, frames, and (vinols 
with integral frames, are now possible using the SPF/DB process. Ccmiplex 
conf igiirations which could otlx'rwise not lx* fabricate^! bv convent i orv« 1 nx'thods 
twve beai pnxluctxl in titanum bv the SPF PB process in a single cvcle. 

Sujxirplast ici tv in fitaniim is a {iluMUimenon in which verv iargo tensile 
elongations miiv be realizisl bt*cause, under the proper conditions of temperature 
and strain rate, Uval thinning (necking) does not (xcur. (See figure la.) 
Diffusion blinding (DB) is the joining of titaniim vmder pressure at elevated 
tem}ieratures without melting or use of bonding agents. Fortunately, DB of 
titaniim is accimplished imder identical conditions to that of superplastic 
forming (SPF). mis is the basis for the combineii SPF 'DB process. 

Cimibining of SPF with DB, using stoixiff in selecteil areas to prevent 
bonding, and using argon gas to expand the DB parts, provides a wide range of 
striK'tural shapes friw simple two-sheet construction to extremely complex 
integral skin- stringer- frame shapes (reference 1). The fabrication of a 
three-sheet samlwich striKrture is illustratevi in figure lb. Yttria compound 
(stopoff) is applied to both sides of the core sheet to prevent DB where 
desired. The titaniim pack is then heated to approximately 927u C (l,70()u F), 
argon gas pressure is appl ieil to the sheets causing DB, followed by the 
s.vmlwich being foimeii by ex^ianding the {lack with argon gas injecteil between the 
two face sheets. 


.S01F.DU1.H 


ITie progr.im schedule is illustrateil in figure 2. Tlie four interdejx'ndent 
t.isks shown are descriheil in "Program StriK'ture." 


LIST OF SYMBOLS 


A sandwich cross section area 

bending rigiditv of facing sheets .iK^jt Sctndwich centroidal axis 
E^; compression mcxlnlus of elasticity 

L’c colisnn htickling stress 

initial bvickling stress 

^cs crippling stress (subscript indicates individiwl section compc>nents) 

F^;v compression yield stress 

^s core web initial shear buckling stress 

^%lt core web failure stress 

Ps core shear stress corresponding to core web initial buckling stress 

Psuit core shear failure stress 

0 mfiterial shear iikxIuIus 

Gc core shear modulus 

1 section moment of inertia 

l2p moment of inertia for 2p sandwich width 

^LT moment of inertia for LT sandwich width 

F beam length between supp«}rts 

M moment 

P applied test load 

'^cr highest test load in the elastic range 

Pc colurai buckling load 

*“6 crippling coefficient (function of edge support and material) 

e distance from the neutral axis to the midfiher of the compressed 

facesheet of the sandwich ' 

f applied stress 


LIST OF SYMBOLS (Cone I ) 


for 

^ult 

f’er, 

f’ults 

K 

Ks 

<! 

tpe 

^Fjnin 

W 

6 

6S 

1^ 

V 

P,> 

Pc 

Pc 


applicxl stress at which buckling occurred 
applied failure stress 

applied core shear corresponding to core web initial buckling 
applietl ultimate core shear 
biK'kling coefficient 

buckling coefficient for core web shear 
force arm (moment = force x arm) 
thickness of the compressed facesheet 
thinnest facesheet thickness 
effective width 

combined bending and shear deflection 

bending deflection 

shear deflection 

Poisson's ratio 

plasticity correction factor 

radius of gyration 

material density 

reduced core density (core >«bs considered only as core component) 
strain 



parallel to core orientation 
perpendicular to core orientation 


cr 


buckling 


crippling 
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PROGRAM DEVELOPMENT 


PROGRAM STRUCTURE 

In order to achieve the program objectives in a logical sequence of 
efforts, a program organization consisting of four interdependent tasks was 
established. 

Task 1 - Structural Concept Selection 

Task 2 - Process Optimization and Test Specimen Fabrication 

Task 3 - Design Allcwables Data 

Task 4 - Structural Panel Performance 

In task 1, one expanded sandwich configuration was selected and sized to 
meet specified requirements. Panels were designed and detai’ed for fabrication 
as a source of test specimens for tasks 3 and 4. Design allowable test 
specimens were designed to be cut fron seme of the panels. 

In task 2, processing parameters for the SPFA)B operation were optimized 
and specimen panels were fabricated and, where appropriate, cut into smaller 
test specimens. A complete quality assurance program was developed and used 
for the titanium material, processing operation, and final product. 

In task 3, a comprehensive test program for selected design allowables 
data was developed. Tests included short column, bending, core shear, 
durability, and crack growth rate. Data have been evaluated and compared with 
existing data on expanded sandwich. 

In task 4, a test program was established for the behavior of large 
expanded sandwich panels of the configuration established in task 1. One panel 
was statically tested in compression, and one was fatigue tested in tension, 
simulating a key location on the upper and lower wing surface, respectively. 
Test results were evaluated and compared to theory and appropriate published 
data. 

Activities in the four program tasks are described in detail in the 
following sections. 



TASK I - STRUCHiRAL aK:EPT SELECTION 


PROTOTYPE STRUCTURAL APPLICATION 

The prototype structure specified to be the basis for this program is the 
upper and lower wing surface (at point 4) of the Boeing supersonic transport 
(SSTi study aircraft defined in NASA Oil 4511 1. The location of point 4 and 

associated loading conditions are shown in figure 3 and table I. The wing 
upper surface, critical in compression, was selected as the oasis for 
ccmpression strength and panel stability static testing; the wing l^er 
surface, critical in tension, is the basis for fatigue (crack growth) and ^rack 
arrestment specimens. 


SANDWICH GECMETRY SELECT lOV' 

Earlier optimization studies of SPF/DB sandwich configurations compared 
truss, sine wave, and dimpled core characteristics, properties, and 
eff iciaicies. The results of these studies (prior to this program) led to the 
selection of a truss-core configuration as optimim for the requirOTents and 
load levels of this program. It is considered a simple and efficient concept 
for a ratio of more than 3:1 between the two biaxial ccmpression loads. The 
truss core was oriented along the hipest of tlie two edgewise compression 
loads, resulting in a spanwise core orientation for the upper wing panel and a 
chordwise oriaitation for the Icxver wing panel. (See figure 4 for panel sizes 
and core orientation.) 


CONFIGURATION SIZING 

Effort was performed to reconfirm and finalize the geometric parameters 
selected in Rockwell precontract studies. (See figure 5.) Preliminary 
optimization of the upper and Icwer cov^ers of the wing at point 4, the location 
selected for consideration in this program, was performed by hand. An existing 
Rockwell computer program, designed to optimize truss-core sandwich geometry 
under wide- column conditions, was used to finalize the lower wing cover sizing. 
This computer program was then expanded to cover compression biaxial and shear 
loaded panels and used to finalize the upper wing cover. Upper and lower panel 
original conf iguraticms were improved and their combined weight redixred by 
about 4.3 percent. 


PANEL DESIGN 

In designing the panels to be fabricated for this program, it was decided 
the panels should be as large as feasible to reduce fabrication costs and 
normalize as much as possible the source of the small test specimens while not 
unduly increasing tooling costs and fabrication complexity. After weighing all 
relevant considerations, including the state-of-the-art of SPF/DB, an overall 
panel size of 1,200 by 1,500 mn (4 hv 5 feet) was selected, with a usable 
uniform sandwich area of approximately 990 by 1,220 mm (39 by 48 indies). 



tasks^? tl« test plans developed and described in 

LdbKs ^ ana 4 , a six-panel layout was adopted. 


1. Two panels for static test elements (task 3) 

2. Two panels for fatigue test elements (task 3) 

3. One panel for static panel test (task 4) 

4. One panel for fatigue panel test (task 4) 


The task 3 test elemaits were cut frcxn the panels in accordance with an 
?a(™? distribution layout. Figure 6 Jhous a typical test 

S^traSaM itJ'S'an '? “'■'‘^8 pr^ilTto 


j^K 2 - PROCESS OPTIMIZITION AND TEST SPECIMEN FABRICATION 
PROCESS OPTIMIZATION 


Although one of the objectives of this program was to optimize SPF/DB 

s^Je procedures which represented a fo^efSnt in 

available S'tte’nmole®S®h'®r '“5 Program to insure the best quality 

available in the panels to be fabricated. These new improvaients consist^ of: 

'•'0 Ponol between the container and the cover nlate 
to limit the squeeze effect on the sealing contour 

in'ornal argon pressure over a portion of tlie 
pSesf offer the end of the forming 

'°P oover plate for easy release of 

rest‘^'?te‘’na1 ^™r'Sea“"''‘'’"’‘ '■"restricted panel 

fabricatfon'J^'fJ®'’ ‘‘®^°'rP“°" °l 'he SPF/DB process as applied to panel 

IS program is provided in a subsequent section of this report. 



MATCRIAL PROGURE^C^^^ 


ma«- of the inordinately long procurement time for titani-in slieet the 

program was obtained from nunerous existing reserve 

caseJ^ai?™ thicknesses desired were not available in all 

cases and DB of two or three sheets to form one sandwich face was necessary 

operation was performed concurrent with oanel fabricatiL in 

su^JLsfuliraccimnnSf program. This procedure had been 

^ progr.am, and no program problems or 

data contamination were expected or experiaiced. prooi^s or 

thP Rorwn material (figure 7) were made and furnished to 

t Rockwell SciOTce Center for material characterization to set exact oroce-'s 
parameters for the SPF/B3 process for each panel. process 


TOCLING 

The most expensive tooling for this program would have been the s*“oi 
panel container for the SF'F/DB panel fabricaSon pr^L^ FormiaSlJ li 
existing container for tte Space Shuttle windshield frame was made a Jail able to 
this progran md saved the cost of machining a new container The sSJe 
Shuttle container and cover plate (figure sf were of a Lze Easily ad^pLble to 

depth which was greater (to L^Sel 

depth-“LKr(terr« Etfa™ “ 

con^aiISr^Kh^i'nd?JjtS"?i''®'' '^^^ measurements of the 

A nominal depth was 

^^culated, and tte insert ^design was predicated on that measurement The 
insert shown in figure 9 was machined of lo,- carbon steL pJaS 


SPF/DB PROCEDURE 

The improved 3PF/DB process used in fabricating the expanded •''anrhwirh 
panels for th:s program is illustrated by the follo^„g^s(eTEy((teTstj(^ce. 

1. The argon tubes are installed on one face. (See figure 10.) 

panel- (See 

hi?k" location in core sheet slot. Holes for argon access to 

both sides of the core are provided as well, {See figure 12.) 

Ite toelhLr'Se'ng^fLj'' applicaticn on both sides of 


6. The core sheet with yttria applied on both sides is aligned with the 
first face (guide bolts). The argon tubes are tightened with titanium 
strip welded to the core sheet. (See figure 15.) 

7. The second sandwich face is laid down. (See figure 16.) 

8. The clamped pack is tack welded together. The long pipes are 

temporary supports for the argon pipes. (See figure 17.) 

9. The pressure plate and container are prepared for processing, ''fie 
slots for argon tubes can be seen. (See figure 18,.) 

10. The container insert is installed. (See figure 19.) 

11. The container is placed on the heating platen. (See figure 20.) 

12. The pack with the picture-frame seal is laid on the container. (See 
figure 21. ) 

13. The entire system (pack, container, pressure plate, f>latens, 
insulating material, pipes, and thermal sensors) is installed into the 
4,500-ton press. Gas and liquid argon SL?)ply vessels are on the right 
side. (See figure 22.) 

14 The control mit especially designed for the SPF/DB process is ready 
to monitor painel fabrication. 

15. The end product is cut and cleaned. (See figure 24.) 


PANEL FABRICATION 

All six panels were fabricated, radiographically evaluated, and 
dimensionally inspected. The panels were made on a 4,500-ton press, using 
basically the same procedure as described in the preceding paragraphs, with 
exceptions described in the following paragraphs. 


Fatigue Test Panels 

Fatigue panels 1 and 2 (F-lOO and F-200) showed a smooth surface with only 
little grooving at the edges. Because the grooves were located out of the test 
specimen area, they did not affect the test results. The X-ray survey 
performed on these two panels showed seme very minor core buckling, but the 
buckling level was found acceptable according to previously established BLATS 
standards. No ruptures of the core were found. 

Panel 3 (F-300) was fabricated in the same manner as the previous two 
panels. Evaluation of panel F-300 by radiographic means shewed slight core 
distortion and some small core ruptures. However, the ruptures were in the 
boundary area, which was not i:sed to make any of the individual test specimens. 
The three completed fatigue panels are shown in figure 25. 

Two examples of radiographics are shown in figures 26 and 27. 


Panels 1, 2, and 5 (F-LOO, F-200, iind F-300), fabricated for fati^ie, 
crack growth, and crack arrest tests, were chem-milled to final dimensions, and 
specimens were cut, end filled, and set up for testing. (Testing is described 
under tasks ? and 4.i The small specimens are shown in figure 28 and the full 
panel in figure 29. 


St a tic Test Panels 

Panel 4 (S 100 first static [■sanell was proiiuced following Identical 
procedures used on the previous three fatigue panels. Tliis panel has the core 
sheet thickness, as well as the core configuration, modified to satisfy static 
panel requirements. Sealing problems were encountered because of using several 
smaller heating platens of various thicknesses. As a result, the DB cycle was 
conducted at a lover pressure level 1.72 MPa (250 psi) instead of 2.07 MPa (300 
psil, and the time was extended correspondingly to 4 hours instead of 2 hours, 
as covered by "Manufacturing Process Procedures." 

Problems arose during the forming cycle as a consequence of accidental 
complete pinching of both inlet argon supply needles. The breakthrough process 
was substantially delayed until the problem was located; thereafter, the two 
outlet argon needles were used for supply. The panel, consequently, was formed 
with argon pressure and without argon flow. 

The part was completed, and a visual inspection showed a well-formed part 
with sli^t surface grooving. However, radiographic inspection revealed 
numerous internal defects. 

After the S-100 panel was produced, inspection of the container showed an 
important out-of-plane deformation of the insert toward the edges and 
especially in the corner areas. A decision was made to continue the ijse of 
this container without repairs to the insert in order to avoid a possible 
additional delay caused by the impending return of the container to the Space 
Shuttle program for a spare-parts run. It was assumed that the specimens to be 
obtained from the remaining panels would not affected by deformation at the 
panel edges. 

Panels 5 and 6 (S-200 and S-3001 were fabricated using identical 
processing procedures as those used for previous panels. The DB cycle was 
typical, breakthrough was rapid at low pressures, the identical 
pressure/temperature cycle used in fabrication of panel 4 was applied, and 
removal and cool-down followed normal procedures. Both panels were well -formed 
and displayed only slight surface grooving. However, the sixth panel showed 
some core rupture on the X-ray inspection, while the fifth panel showed a good 
core. An investigation to determine usability of the sixth panel indicated 
that the necessary test specimens could be extracted from the good areas of the 
panel. The specimen layout was modified to avoid discrepant areas, and the 
specimens were then cut from the panel. 


QUAUTY ASSURANCE PLAN 

A quality assurance program plan of action was established for this 
program. Related detail inspection instructions were established to implement 
the plan of action. 


RADIOGRAPHIC INSPECTION RESULTS 


In accordance with the inspection instructions, the six panels were 
checked for quality. Radiographic inspection of core sheets was used to verify 
the relationship of the pattern silk screened on opposing surfaces. Fully 
formed and bonded panels were radiographically inspected for core rjpture, core 
thinning, core distortion, node nonbonds, and node spacing. Ultrasonic 
inspection normally used to evaluate gas bonded areas (closeout) was not 
applied to this program because all closeout structures are trimmed from the 
element test specimens. A summary of the type of discrepancies found in the 
six fabricated panels by nondestructive testing is shown in table II. 

An evaluation of the core rupture in panels 4 and 6 was accomplished by 
comparison of the processing records of panels 4, 5, and 6. Records indicate 
that slight overtorperature conditions existed on panels 4 and 6 but not on 
panel 5. In addition, breakthrough anomalies were encountered on panels 4 and 
6 and are considered to be the primary cause of the core rupture. Pinched or 
constricted gas needles resulted in nonoptimum breakthrough processes which 
directly affected application of the desired strain rates. Actual strain 
rates, as opposed to planned strain rates, were high because of the combination 
of nonuniform breakthrough times and pressures and the slightly overtemperature 
condition. The conclusion was drawn that for future panels greater anphasis 
must be placed on maintaining a maximim process taiperature of 927° C 
(1,7000 F) on any thermocoi 5 )le, even at the expense of deviating on the minimum 
temperature requirement. In addition, it is apparent that locating and 
maintaining the gas needles in the proper position during pack buildup and tool 
transport into the hydraulic press will require special care in future 
operations. 


TASK 3 - DESIGN ALLOWABLES DATA 
STATIC TESTS 

Static Test Plan and Specimen Geometry 

The static test plan was established to provide preliminary design 
allowables data for short column, core shear, and bending beam loading, both 
longitudinal and transverse, for three temperatures. The static test plan is 
summarized in table III. 

In the following subsections, each type of specimen will be individually 
discussed relative to its predicted strength, the data frcmi the static tests, 
test/predicted strength correlation, and recommended semiempirical design 
strength formulae. In each of these subsections, standardized ncmienclature 
will be used for algebraic representation of structural parameters and for 
sandwich geometry. Figures 30 and 31 illustrate the geometric nomenclature for 
this program; the parameters u 1 in the strength equations are defined in the 
List of Symbols. 
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TT»e material properties used in the test evaluations are shown in table 
IV. The RT vahjes were obtained from Reference 5 (page l-lO), the -S4^ C 
values from Reference 4 (pages 5-85 and 5-801, and the 2600 c value from 
Reference 4 (pages 1-16 and 1-171 as an average between 204O q (400° Fl ;uid 
M60 c (6000 

The test specimens for the short colimn, core shear, and bending Ixjiiun 
tests are shown in figures ‘^2, and 54, respectively. 


Short Co ham - L. ongitudina l Core 

The longitutlinal short colimn tests were conducted to verify the predicted 
values for: 

a. Local stability stress (initial buckling F(-r1 

b. Failure stress (crippling F^g) 

c. Compression fTodulus of elasticity (E^-1 

A total of seven specimens were tested at low, room, and high ten?)eratures, as 
shown in table III. The test results, the predicted values, and their 
correlaticMi are shown in table V and figures 55 and 56. 


Predicted Values 

For local stability stress prediction, the conventional buckling formula 
was used: 

7r“> /S- y 

- \ \or K ! roni S. 

i2i. 1 n") \ ^ 

For failure stres> prediction, the conventional crippling formula was 

used : 


C I' 

V 


l- 

cs . 

I 




0 .' 


where Cg » .771 for truss core sandwich made of Ti-6A1-4V alloy 

(Reference 91 

Subscript i indicates the individual sandwich section component under 
consideration. Besides the aforementioneil crippling formula, the following 
limitation must be considered: 

^cs ^ ^cv 


TTie crippling stress calculated for individual components of the truss 
core section are combined in the following formula: 

Sll'., V) 

V i 

c s wfi A 

I 


where Aj = ti x hj 
"est Results 

Test data consist of load versus deflection, gage readings, strain g;.ge 
indications, and geometry of fne individual specimens. TTie huckling and 
ultimate stresses were obtained bv dividing the applied buckling and ultimatt. 
loads bv the total transverse section area. The total transverse section area 
incliKles both face and core sheets. 


cr 


cr 


IT It^,,^ ^ ^ 


Tilt 


ult 


IT It ^ 


The compression motlulus ot elasticitv, 
conventional formula: 


was obtained by the 


c r 


Test /Predicted Correlation 


The test/predicted (T/P) ratios exhibited a narrow spread, indicating a 
good prediction capability. A general review of the ratio of test/predicted 
values shows: 



Average 

Lowest 

Highest 

Load instability 

l.Ol 

0.94 

1.09 

Failure stress 

1.08 

0.99 

1.18 

MckIuIus of elasticity 
L__ 

l.OA 

0.9? 

1.16 



Rec onmenda t i on s 


A correction factor of 0,84 is reconmendeil for design hiK'kl ing stress and 
0.00 for design crippling stress to bring the average nuirgin of safetv to 0..’0. 
The average F P m'xluhis of elasticity ratio is ! . O"^ and the predicted l:^- vahit's 
are recomnenilts! t»> K' considered adet|iwte. 

riierefore; 


c r 

ri 


,SJ K 


n ! 

i.'i 1 


mil' 




t.‘S . 


I 



- I 1 i\t' 1 c* 1't.MK t' ‘ ^ 


The little influence of the F^.y cutoff value in computa*’ ’on for the 
ncKle was neglected. The weighte^l crippling stress formula remains imchiinged. 
For modulus of elasticity, the data provided in table IV should be usetl. 

Test values for 260® C indicate that the compression modulus of elasticity 
derived from Reference 4 for tliat temperature may be too low. The value of 
(96.19 GPa) used in the foregoing test for 260® C would have to be increased to 
106.77 GPa to bring the (T/P)i\y to l.OO. Itowever, since this observation is 
based on onlv three tests, it is reccwmendetl that future progr:uns incliKle a 
recheck of the compression nKxluhis at 260® C. 

Figure ^7 shows a tvpical room temperature setup, while figttre '8 
illustrates the elevated temperature test eipiipment. Figtires "'O and 40 show a 
typical specimen after failure. 


Short Colimtn - Transverse Core 


The transverse short colimn tests were conducted to verify the predicted 
values for; 

a. Local stability stress (initial buckling, F^.^.) 

b. Failure stress (1.20 x initial btjckling assimed) 

c. Compression modulus of elasticity (6^1 

A total of seven specimens were tested at low, room, and high temperature, as 
shown in table III. 

The test results, the predicted values ;md their correlation are shown in 
table VI ;ind figiires 41 ;md 42. 


Pt" ei! i c t ed Va lues 


For Uxral stahilitv stress prediction, 
formula was used: 


the conventional wide colimn 


F 


cr 





w 

\ 


S 


For failure stress preiiict ion, 1.20 times initial buckling was used. iTie 
stress level was in the elastic range; therefore, the plasticity correction 
factor was equal to imity. 


Test Results 

Test data consist of load versus deflection, gage readings, strain gage 
indications, and geometry of the individual specimens. 

The buckling rmd ultimate stress were obtained by dividing the applied 
buckling and ultimate loads by the transverse area of both face sheets. 


F 

c r 


P 



The compression mtxiulus of elasticity, was obtained by the 
convent i ona 1 f ormul a : 

P 

l'.= "’■ 

' €l\. U > t 1 

1 : 

Figure 4"^ illustrates a typical specimen setup ready for test. Figures 44 
and 45 show a typical specimen after failure. 



Test /Predicted Correlation 


The test /predicted (T/P) ratios exhibited a narrow spread, indicating a 
good prediction capability. A general review of the test/predicted values 
shows : 



Average 

Lowest 

Highest 

Local instability 

.84 

.75 

.99 

Failure stress 

1.02 

.95 

1.14 

Modulus of elasticity 

1.64 

1.47 

1.89 


Reconroendat ions 


Although the correct test value fcr initial buckling is difficult to 
establish, the predicted values proved about 161 higher than the values 
obtained from tests. To correct this discrepancy and to provide a 20% margin 
of safety for design purposes, a correction factor of 0.84 x 0.8 = 0.65 is 
recommended to be used with the buckling formula. The resulting initial 
buckling design formula is: 


1- 


t,. 


cr 

V 


O.o5 K 


V 


i: 11 - 




K from Roforeiv.'o S. 
\’ 


For failure stress prediction, the initial buckling formula, increased by 
20%, provided a test/predicted ratio around 1.02. Therefore, the initial 
buckling formula is considered suitable for design ultimate stress, providing a 
20% margin of safety. 


V 

For elastic modulus, the test results provided moduli of elasticity 
between 47% and 89% higher than the predicted ones. For example, at room 
temperature the average test value was = 176 GPa in contrast to the expected 
value of 115 GPa. The discrepancy is high but consistent, and indicates an 
unidentified influence that could not be traced to the computer or test machine 
readings. All seven tests are grouped in a narrow band. All test values 
reduced by a factor of 1.64 are shown in table VII in the next to last column. 
The test reduced value/predicted ratios are shown in the last colum. 


n~ f. 


i: U - 




; K t'roji] Rcforonyo S. 

\- 



Since the longitudinal short colimn tests showed good correlation between 
test results and predicted values, and because moduli^ of elasticity is a 
material characteristic, the predicted values shown in the longitudinal short 
colunn evaluation are considered correct and recommended for design. 


In a similar manner to the results of longitudinal short colunn tests, the 
transverse short colunn tests at 260^^ C indicate that the material Ec 
GPa is too low; further investigation is recommended. 


Core Shear Beam - Longitudinal Core 

The longitudinal core shear beam tests were conducted to verify the 
predicted values for: 

a. Core shear stress ^ 

b. Core shear modulus (O' 1 

I. 

A total of seven specimens were tested at low, room, and high temperature as 
shown in table III. 

The test results, the predicted values, and their correlation are shown in 
table VII and figures 46 and 47. 


Predicted Values 

For core shear instability, the ;omputations are based on core web 
elements. The shear buckling stress was obtained by using the conventional 
plate shear formula: 



The Kg value obtained from Reference 5 considers the core web under combined 
shear and inplane web bending loading. The K$ value was obtained as a function 
of web aspect ratio and bending-to-shear stress ratio: 


K 


f 


a 

b ’ 



f 

s 
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Using appropriate diagrams, the conversion from Fg/T) to Fg w:is performed. 

The core web shear stress was translated to core shear stress with the 
following formula: 

t 


For predicted elastic shear 
moduli were used; 

, _ Ci,-:'-l' t. I 


properties, the following material shear 


. L-,.s: .;pa 


G(rt 1 = 42.75 GPa (Reference 


'tJoiv'i'] 


' ciR'n 


G 

(RTl 


GPa 


The core shear properties were predicted by using two different formulas: 



Uv 


b,. J ( ' 




G\ci'eronce b) 


who re 



P = 2"(>.4S Ib/ff' 


cm 9 


Comparing predicted values and test results, the second formula was found 
more appropriate and is recommended. 


Test Results 


Test data consi of i.riH ve^sns deflection, and Jcomer ' - ■ ' 

individual specimens Hv "'ork’- 'C and ultimate core shear ->r • 

obtained by dividing t’. !f e *’hc applied load P/,' by the trjn'>'.:n : • . 
the Leitm specimen. 


t 


u 1 1 


ult_ 
1 le 


The elastic behavior was analyzed by considering both bending <invi 
deflections: 



whei'e 

A - Slicar section urea -= 11, h 

From the foregoing formula, the core shear modulus is obtained: 


l’!„/4A 

6 (P!,y!8i; il 


Figure 48 groips the six longitudinal core shear snecimens after cailuie, 
while figure 49 shows a closer failure detail of one typical specimen 


Test/Predicted Correlation 

The "as fabricated" core web thickness was foimd to be substant iai l\ 
thicker than designed. Consequently, the core web shear stress reached tlie 
plastic range and the test /predicted evaluation results were distorted. 

Another factor which influenced the test/predicted results was the buckled core 
web resulting from fabrication. The buckled core was caused by a compressive 
load imposed bv the container up>on the SPF/DB panel after the core had been 
fully formed. 
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'• ijeneral review of the fesf predicted valties shows; 



Average 

Lowest 

Highest 

Core shear instability 

.67 

.60 

.71 

Core shear failure stress 

! 

„91 

1 

.'’H 

l.Ol 

She.ir nxxlulus 

: 1 5 

.84 

2.02 


The test results of specimen CSLll! have hoen discarded since the load was 
applied throughi i too narrow 6.'5inm ( 1 ' 4 inch) wide metal strip. For the other 
specimens, a 25.»iran (I inch) -wide metal strip was used tor load appl icat ion. 

It should be mentioned that the stabilizing filler in the load application area 
was inadvertently omitted from the high temperature specimens. 


Reconmendat ions 


Plate shear tests are recommended in the future to avoid potential errors 
originating from the combinevi bending and shear loading. However, the present 
test results can be considered acceptable for preliminary design sizing. 

For core shear stress, the initial buckling has an average test/predicted 
ratio of 0.67. To provide a 0.20 margin of safety for design purposes, a 
factor of 0.67 x 0.8 = 0.54 is recommended to be applied to the prediction 
formula discussed earlier; 


F 



n 


■ ■ V ' . > • I K 




for bix:kling shear in core weh. 



The ultimate failure stress test/predicted ratio averaged 0.91. To 
provide a 0.20 margin of safety for design purposes, a factor of 0.91 x .80 = 
0.7? is recommended to be applied to the prediction formula: 


lilt 

ri 


- - 0 . 


n 


12 il 
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stresses 


For both initial buckling and ultimate stress, the I'. and F 
in core webs are obtained in the following procedure: ^cr ^ult 

Multiply F. /n or F, /n w JV. Obtain /sF ox yfw from figure 
^cr _ ^llt ^cr ult 

50. Divide them by^^. [f allowable core shear is required, multiply the core 

web shear stress by t^/p: 

F' = F. . F' = F, 

S S ~ 

cr cr p ult ult p 


Core shear modulus, Gq , was obtained in a relatively scattered pattern. 
The high temperature tests sliowed higher than predicted values. It may be 
assumed that the modulus of elasticity is influenced much less by high 
temperature than indicated by present data available. Therefore, the Ec = U6 
GPa should be checked in future programs. Similar recommendations were given 
in the preceding test evaluations. 


The lower-than-predicted values for low and room temperature are 
presumably caused by the core being buckled from fabrication. An average for 
those tests indicates a test/predicted ratio for the core shear modulus of 
0.85. It is recommended, therefore, that the prediction formula be reduced by 
this factor: 


P 


= 0.85 G ^ 


Core aiear Beam - Transverse Core 

The transverse core shear beam tests were conducted to verify the 
predicted values for: 

a. Core shear stress CF ) 

T 

b. Core shear modulus fG ) 

A total of seven specimens were tested at low, room, and high temperatures as 
shown in Table III. 

The test results, the predicted values, and their correlation are 
presented in Table VIII. 


I o 


Predicted Values 

For core shear stability, the computations are based on core web elements. 
The core web compression buckling stress is obtained by using the conventional 
wide CO limn formula: 


w 

cr 


r) 


12 {1 U 


where 

Kc = 1 (for pinned ends) 

Kc = 4 (for fixed ends) 

Since all the buckling stresses were found in the elastic range 


w 

cr 



or 1 


The core web compression stress was translated to core shear stress by the 
following formula: 


F' 


s 


T 



cos 0 


The core shear elastic properties were predicted by using two different 
formulas: 



1.85 


E 


ct cos '"’a 
c c 

P(P - b^,) 


(empirically derived from earlier tests) 


^ j — (Reference 6) 


in the longitudinal core shear evaluation, the second formula compared 
more favorable with test results. ^ 




Test Results 


The same approach was used as for the longitudinal core shear tests with 
scHne alteration: 

a, (LL) is replaced by (LT) and vice versa 

b. is replaced by 

Test/Predicted Correlation 

The test/predicted (T/P) ratios exhibited a large spread, indicating 
limited prediction capability, with the entire field centered around a T/P 
average of about 0,4^ for buckling stress, 0,54 for ultimate stress, and 0,70 
for core shear modulus, A general review of the ratio of test/predicted values 
shows : 



Average 

Lowest 

Highest 

Buckling stress 

.43 

.32 

.61 

Failure stress 

.54 

.43 

.72 

1 

Core shear modulus 

.70 

.35 

1 

1.01 


The wide spread and low T/P ratios obtained are attributed to the core web 
deformations resulting frcm fabrication. TTiis initial eccentricity of the core 
web decreases considerably the colinm performance of each individual web 
element. The core web "as fabricated" deformation is a random phenomenon 
differing from web to web and along each web. 


Recommendat i ons 

Plate shear tests are recommended in future programs to eliminate the 
bending deflection influence brought in by the core shear beam type of test. 
Although more expensive, plate shear tests offer the advantages of greater 
reliability and more direct data analysis. Improved manufacturing methods will 
reduce the initial core web deformations, increasing significantly the T/P 
values. On the basis of present tests, it is recommended that reduction 
factors be applied to reconcile the prediction formulas with the test results. 

A correction factor of 0.35 is recommended for design buckling stress and 
0.43 for design failure stress to bring the average margin of safety to 0.20, 

A reduction factor of 0.70 is reconmended for core shear modulus. The 
resulting design equations then become: 



- 0.55 K 


C 

12 (1 - H~) 
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cr 
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0.43 K — j- 

12 ( .1 - fl ) 



i Des ign t a i lure ) 


O' = 0.70 0 ^ 

"t (li + b.,)' 
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Bending Beam - Longitudinal Core 

The longitudinal bending beam tests vf?xe conducted to verify the predicted 
value for: 

a. Local stability stress (initial buckling - F^r) 

b. Failure stress (crippling - 

A total of five specimens were tested at low, room, and high temperatures, as 
shown in Table III. 

The test results, the predicted values, and their correlation are 
presented in Table IX and Figures 51 and 52. 


Predicted Values 

For local stability stress and failure predictions, the conventional 
buckling and crippling formulas, respectively, shown in the longitudinal short 
column test evaluation were used. 


Test Results 

Test data consist of load versus deflection, gage readings, strain gage 
indications, and geometry of the individual specimens. 

The applied buckling stress was obtained by using the bending stress 
formula: 


F 

cr 


M (2 c + t_ + t„ ) 
cr F,' 


21 


IT 


24 


The applied failure stress was obtained as above, but in the section 
properties computation the facesheet width (bp) between nodes was reduced to 
the effective width (w). Similarly, the compression side of the core web width 
was retluced to 1/4 b^- 

Figure 53 shows a tvpical test specimen in the test apparatus after 
failure, while figure 54 displays all of the failed bending beam specimens, 
both longitudinal and transverse. 


Test/Predicted Correlation 


The test/predicted (T/P) ratios exhibited a relatively narrow spread, 
indicating a good prediction capability. A general review of the ratio of 
test/predicted values shows: 



Average 

Lowest 

Highest 

Local Instability 

1.06 

.92 

1.24 

Failure 

1.32 

1.02 

1.62 


Recommenda t i ons 


A correction factor of 0.88 is recomended for design buckling stress, and 
1.10 for design crippling stress to bring the average margin of safety to 0.20. 
Therefore: 


Buckling design stress, 
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cr 
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0,88 K 
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Crippling design stress, 


F' 

cs 


1. 10 


V 


cv 



(Rot'erciK'o 0) 



F’ 

* 


The little influence of the F(-y cutoff value in Fes computation for the node 
was neglected. 

The combination crippling formula remained uichanged. 



Rendin i^ Beam - Tninsverse Core 

The transverse bending be;un tests were condiKted to verify the prediivted 
values for: 


a. IxKal instability stress (initial biK'kling - 

b. Failure stress (F^s^ 

A total of five specimens v^«.'re tested at low, room, vind high 


temperatures, as 


shown in Table III. 


The test results, the pre«.Ucted values, 
Fable X and figure 55. 


;ind their correlation are shown 


in 


Predicted Values 

For local stability stress prediction, refer to the transvese short coltmn 
prediction discussion. 

Test Results 

Test tlata consist of load versus deflection, gage reading, strain gage 
indications, and geometry of the individual specimens. 

The applied buckling stress was obtained by using a simplified bending 
stress formula where only the facesheets resist moment 

M 

r 

ht,. , IT 
!• (comitl 


M fll\ 1 

c r c I 

r..was considered the load where the load versus strain curve separates from a 
straight line 

The afjplied failure stress was considered equal to the buckling stress 
since the load versus strain curve separates from the straight line and the 
failure occurs immediately. 

Figure 56 shows a typical specimen after failure. 


les t/Predi cted Correl at i on 


The test/predicted (T/T) ratiixj ediibitod a r< lativcly nai row ^spread, 
indicating satisfactory prediction capability. A general review of the ratio 
of test/predi cted valies shows; 


'■ ■ 

Average 

Lewes t 

Highest 

Local instability 

1.44 

1.24 

1 .06 


Recv)inmenilat i ons 

A correction factor of 1.20 is recoiimended for design buckling stress to 
bring the average margin of safety to 0.20. The equation tor design bix'kling 
stress then becomes: 
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FRACTURE >€CHANICS TESIS 

The purposes of the fractire mechanics tests were twofold: (1) To 
determine the da/dN crack growth characteristics of superplastic formed and 
concurrently diffusion bonded Ti-6A1-4V titaniim truss core sandwich panels 
subjected to constant amplitude load cycles, and (2) to demonstrate the 
durability, damage tolerance, and residual strength characteristics of a 
moderate size wing p;mel subjected to a load spectrim representative of a 
supersonic cruise vehicle. 

Crack Growth Design Allowable Tests 

Spec i mar Description 

Nine crack growth design allowable tests were conducted at the load iuid 
temperature schedule listed in table XI. The test specimens were 190 mm (7.50 
in.) wide, 610 mn (24 in.) long, and approximately 25 mn (1 in. ) thick. All 
specimens contained a 2.5 im (0.10 in.) long through-the-thickness crack 
created by electrical discharge machining (BBM) in one race sheet at midpanel. 
These flaws were precracked in three-point bending prior to test. Details of 
the panel cross-sections in the test area are shown in figure 57. 

The specimen face sheet thickness dimensions listed in table XII were 
measired from the fracture face after failure and vary somewhat from the 
nominal drawing thickness dimensions. The measured dimensions were those used 
in determining the maximun test stresses listed in table XI. The resulting 
applied stresses for the constant amplitude tests were lower than the intaided 
231 MPa (33.5 Ksi ) because of larger- than- normal face sheet thicknesses 
ronaining after chem-milling. 


of tlio s|X'ciiiH'ns wvro rostod to ,i oonst.int .unplitulo luid ow lo with 
.1 laiximnn axiol fonsiim sfioss of .ipproximatolv 'O'* MPa ('0 ksi ) at an R-f iv'for 
of :oro. Hie ninth •••ix'cimon was restod ro the s[x>ctnn listed in table Xlil, 
with a nviximnn speofriin stress of jxi Ml’a (^^.S ksi). Ml tests were oondiicted 
in an air environment at the ttmifvratiires noted in table XI with a cvclie rate 
of approx imatelv ' H; . fr.iek len>;ths were measured aivl recorded after everv 
1.' inn (O.OS inehl increment of j^rowth ii{' to failure. 


Test Results 

ilie crack .ps'wth curves for the loni;i tiidinal core vcimens tested at 
temperatures of ,'ic C. flic i-'), s }o p ( psc iM ^ aiul .'nOc i.’ 1 SOO^'* hi are stiown 
in fijjures S8. SO, and Ml. Fi>jure t»l shows the com^virative curves for these 
three tests with the data ivuinalited to a ciniimon initial crack length, tV= 2 mm 
(,.08 in.). Based on past experience with other m^iteri.ils, it wus expectc'd that 
the sub-iero tt*mperatiire test would pi'i'Kluce a slower growth rate and longer 
test life tlvin tne equivalent K\id rix-im temiviMture test and ttvit the reverse 
would he true of the elevated tanperature test. Diese tests were rini at the 
s.ime laid level to facilitate this comiaa r i son . Hie curves in figure M confirm 
tlie expected longer life at Sb'' C ( F) canpared to roixn temperature, but 
also snow the P { SOOo f) test with greater life than the rami temperature 

test. No explanation is offered for this, llich of the tests showei) a moderate 
level of crack arrestment provided bv the core nodes as thev were approached bv 
the growing crack. This is shown graphically bv the change in slope of the 
curve as it appraiches the first .ind then the second node. Figure 62 shows the 
growth curve of a similar specimen hut with a crack-arrest strip chan-milled on 
tlie face sheet at the second node. No appreciable influence is shown bv this 
strip in terms of additional crack arrestment bevond that provided bv the core 
node since the crack was long at this pciint and growing at a controlled but 
fairlv rapid rate compared to the si.:e of tht? crack strip. 

The crack growth data ftir the transverse core sfiecimens tested at 
rmpei-atures of :i‘’» C ("(P ^1, S4(’' C I F\ and .IbO^" C (SOOO F) are shown 

in crack length versus cwlos and in the traditional da dN versus K fornuits, 
respectively, in figures b^ through b8. Figure b9 shows the cixnparative data 
for these three tests in iti dN versus K format. Ms in the c.ise of the 
longitikiinal core tests it was exjiected that the sub-zero test would pralinre 
the slowest growth rate and the elevated temfierature test the fastest rate, 
with roiim temperature in between. Again, however, this trend was not 
demons t rat eil b\' the >.lata. The growth rate lines of figure b*.) confirm the 
expected slower growth rate at -54o C ( -b.so p) compared to room temperature, 
but also show the 260^ p (SOOo F) test with a slower growth rate than either 
the room temperature or suh-zero tests, fine common characteristic of each of 
the three trirnsverse core tests was a slope of the da/dN line of approximately 
2. Refer to figures 64, 66, and 68. This slope is substantially lower than a 
typical da/dN curve slope in the range of to ^.5. Ckie possible explanation 
is that a shallow slope is a characterist ic of Ti-6A1-4V SPF'DB processeil 


material. Aiiother contributing factor, iind perhaps the predominant one, is 
that load is being progressively shed by the cracked face sheet through the 
diagonal core to the back, uncracked, face sheet. This thought is confirmetl by 
limited strain gage data from test F-ll in which one strain gage on the back 
face gave progressively larger readings from 210.3 MPa (30.5 ksi) initially to 
a maximim of 248 MPa (36 ksi) as the front face crack grew from its initial 
sice to a length of 88.0 mm (3.50 in.). 

Figure ^0 skiws tlie growtti curve for test F-ll, a transverse core s{vcimen 
with crack arrest strips on one face sheet. Figure 71 shows a comparison ot 
test F-ll with test F-12, a similar transverse core panel hut without crack 
arrest strips. Both tests had been run at the s:ime cyclic stress level and had 
essentially tlK' s.ime initial crack length. The shaded area sliows the influence 
of the crack arrest strips. The improvement in life was from 64,000 cycles on 
F-12 to 72,000 cvcles on F.ll, an increase of 12 percent. 

Figure 72 shows the crack growth curve for spiectnm test F-06. Failure 
occurred after 247,000 cycles of step 5 of the second lifetime. The crack had 
grown frem an initial size of 4. lim (0.16 in.) to a final ize of 177. 8mn (7.0 
in.) at failure. A total of 1,709,000 load cycles had been applied at the time 
of failure, equivalent to 1.35 lifetimes. The most damaging load steps were 
climb segment steps 5, 6, and 7 of the first lifetime and ground- air- ground 
segment step 4 and climb segment step 5 of the second lifetime. The 1.0-g 
stress level for this was (25 ksi) and the maximim stress (step 7) was 
(33.5 ksi). 


TASK 4 - STRUCTDRAl. PANEL PERFORMANCE 
STATIC TESTS 

'Fhe static tests consisted of compression pxinel tests. One panel, 996 x 
1143 nm (39 x 45 inches), was tested in the core longitudinal direction. The 
original test plan called for this panel to be tested in the transverse 
direction to limit load prior to performing the ultimate (failure) strength 
test in the longitixlinal direction. In order to avoid the ^x'lssibi I ity of ;in 
unexpected failure or permanent distortion during the transverse loading, a 
decision was made to iLse a sep;jrate specimen 280 x 890 mm (11 x 35 inches) for 
the transverse loading and to test to failure. 


Longitudinal Conpression Panel 

The static compression panel test was designed to verify the accuracy of 
the compression panel predicting method, applied to the uppercover conditions 
of point No. 4 of the supersonic transport vehicle. (See figure 3 and table 
I.) 


The loading condition consisted of combined biaxial and shear loads on a 
very long panel (a/b ratio of 4.73). Since a test of this size of panel would 
be impractically expensive, a a/b = 1 panel was chosen. For panels with aspect 
ratio a/b = 1 and a/b = 4.72, the buckling coefficient is equal. Therefore, 
testing a panel with aspect ratio a/b = 1 is considered satisfactory. 



TO obtain general i-tability of ^ -f ofwhich 

was chosen. The P^fL^^xL^uigest possible size of compression 

1241 X 1013 mm f ^ was 1143 x 1143 mm, including sane 

test specimen obtainable fron this panel was 

non-san^ich edge area, for an a/b - 1. 

Predicted Values 

To predict the compression panel "as- designed" 

referSc^ 7, based on cS Td a 1143 x 996 panel 

r prollSdTof tSri^trfHe'lSrsirpaSle]' to ti. core. The stability 
equation is: 
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The predicted value of the buckling load for the "as -designed" s^cimen 
was 1.555 X lO^N, so an available test machine with a maximum capacity o 
X lOON was considered adequate for testing this specimen. , 

"as- fabricated" specimen had thicker face sheets than intended and the panel 
did not buckle even at maximum test machine capacity. A J , 

predicted buckling load using actual face sheet thicknesses resulted 
value of 1.879 x lO^N. Unfortunately, no higher capacity test machine was free 
at that time to retest to the higher expected ^o^d. Consequently, a limited 
conclusion can be drawn that the panel showed no evidence of the onset ot 
lateral deformation within 6 percent of the predicted buckling load. 


Figure 75 shows the compression panel in the test mach 


1 - 


Long Column - Transverse Core 

The transverse long coluim test was conducted to verify the predicted 
values for: 

a. The "wide column" behavior of a panel with high ratio of length/width 

b. Local stability stress (initial buckling - Fcr^ 

An 890 X 280 mm (55 x 11 inches) panel was tested as a long column at room 
temperature. The truss core was oriented along the 280 im side and the ends 
were pinned. As mentioned previously, because of nondifferential face sheet 
chem-milling, the design face sheet thickness was obtained in certain areas 
only; in the remainder of the panel the face sheets were thicker than intended 
In addition, because of the container deformation, the sandwich panel it self 
was thinner than designed, with the core webs less stretched (i.e., thicKer; 
than intended. Consequently, the predicted specimen properties were 
recalculated for the "as fabricated" dimensions. 


Predicted Values 

For prediction of the local stability stress, the conventional buckling 
formula was used: 
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where 


K ^ . d) = 1-62 [Reference 8) 
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t t cosd 
c_ . J? = 0.72 


■ 

nun 'T'lri 


B = 51° 


— = 284.9 MPa 
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Since the stress level is in the elastic range: 

F =284.9 MPa 
cr 


P = F (tc 
cr cr*- F^ 


+ t^ ) LL = 204.9 KN 

^7 


For general stability, the conventional Euler foimula was used 

F, 7T“ E 
^ ^ 

^ (Uf/p)^ 


vdiere 


= I/A = 118.9 nm^ 
"uF = 872.5 nin 
E = 113.08 GPa 


c 


F 

c 

n 


247.9 MPa = F^ 
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Load applied at general stability si:ress is: 


P = F 
c c 



LL = 131.1 iCN 


Comparing local and general stability, the colunri would be expected to 
fail in the general instability mode. 

In different sources, Poisson's Ratio has different values: e.g., M .33 
(limited nunber of tests performed on SPF/DB Ti-6i\l-4V material) or p = .31 
(Reference 4). 


Test Results 

Test data consist of load versus deflection, gage readings, strain gage 
indications, and geometry of the specimen. The failure occurred in the general 
instability mode as predicted by analysis, followed almost instantly by local 
instability failure of one face sheet intranode element. The failure strtss 
was obtained by dividing the failure load by the cross section area: 


P 180589 


(t„ + t„ ) LL (1.3" + 1.19) 281 

^1 ^2 


2505 MPa 


A supplementary check of the modulus of elasticity was performed: 


^ 155440 

€A 0.5 (1085 + 1938) lO’^ i;i.57 + 1.19) 281 


122.8 GPa 


Poisson's Ratio was calculated on the basis of the -train readings, one 
along the load direction (strain gage No. 7) and the other perpendicular to it 
(strain gage No. 3). 


"--^.^Load (KN) 
Strain Gage"' 

46.70 

66.72 

93.41 

113.42 

133.44 

No. ’ 

119 

173 

245 

299 

351 

No. 7 

396 

568 

782 

937 

1083 

p(= No. 3/No. 7) 

0.30 

0.30 

0.31 

0.32 

0.32 

Pavj = 0.31 



Figure 74 is a plot of load versus strain from strain gage No. 7 and 
illustrates clearly the abrupt onset of failure. Figure 75 shows the specimen 
ready for testing in the test machine, while figures 76 and 77 show the failed 
specimen after removal of the load. 

Test/Predicted Correlation 

The local instability failure stress test /predicted correlation value of: 


is closely in line with the transverse short colunn T/P buckling ratio of .84. 
The general instability failure stress test /predicted correlation value of: 


indicates a very accurate prediction capability. The modulus of elasticity T/P 
value is: 


122.8 

113.08 


1.086 


Poisson's ratio test/predicted value: 


= 1 (for non-SPF/DB materials) 

^ = 0.94 (for SPF/DB materials) 
0.33 


In present computations, the Poisson's Ratio used was 0.33. The present 
value of 0.31 coincides with the value indicated in Reference 4 for 
non-SPF/DB material. However, the difference in values does not represent a 
significant difference in predicted buckling stress values: 

(1 - 0.3 _ 3 _^ ^ 

(1 - 0.31^') 

Reconinendat i ons 

On the basis of the similarity to the local birckling test results obtained 
from transverse short colunn specimens, the corresponding recomnendation will 
not be changed but rather considered confirmed. Also, local buckling in 
transverse loading should be considered as ultimate load. The modulus of 
elasticity obtained from test is 9 percent higher than predicted. This is not 
considered a significant deviation and the predicted value should be considered 
adequate for future design. 


FRACriRE NCCHANICS TESTS 


Fatigue Panel 
Specimen Description 

A single large panel, tigiire ""S, was tested 'n cunbient laboratory air to 
the load spectnm of table XIII to determine the durability and damage 
tolerance charac’’ 'ri sties of the structure. The panel was designed with a 
longitudinal core orientation and with four 3.0 x 12.7 run (0.120 x 0.500 in. ) 
wide crack* stopper strips diffusion bonded to the inside surface of one face 
sheet at tlie core nodes. The purpose of these strips was to study their 
influence on the growth rate of an approaching face sheet crack compared to the 
influence of adjacent unstiffened core nodes. Strain gages were mounted on the 
external side of the face sheet at each of the crack strips to measure the 
stress redistribution resulting from ex’’ension of the artificial crack that was 
induced at the beginning of the second lifetime. 


Test Spectrum 

The cyclic load spectrun applied to the fatigue structural performance 
panel is listed in table XIII. The same spectrun of stresses was also applied 
to crack growth test specimen F-06 but with a lower maximun load because of the 
narrower width of F-06. This spectrun consists principally of four-segment 
operational flights together with a small number of check flights. The table 
represents one design lifetime of 21,100 flights and includes 1,286,000 cycles. 
The steps were applied in full, sequentially as listed. This use of this 
spectrun and the manner in which it was applied were directed by the customer 
in order to facilitate comparison of Rockwell's test resiilts with those of 
another contractor conducting a similar research program. 


Test Results 

The structural performance panel was tested in ambient laboratory air to 
the cyclic load spectrun of table XIII. The 1.0-g stress level for the test 
was 172 MPa (25 ksi) while the maximun stress in the spectrun was 231 MPa (33.5 
ksi). The durability of the panel was demonstrated by the successful 
completion of the first lifetime without crack initiation. Prior to the start 
of the second lifetime an artificial crack was introduced by electrical 
discharge machining through the thickness of one face sheet at mid-point. 
Testing was continued with crack growth measured and recorded after periodic 
increments of growth. Failure of the panel occurred after 4215 cycles of step 
7 of the second lifetime. A total of 950,000 cycles, approximately 75 percent 
of a lifetime, were applied in the second lifetime up to the time of failure. 
During this time the intentionally initiated crack grew fron an initial length 
of 2.8 inn (0.11 in.) to 37.3 mm (1.47 in.). A plot of this growth is shown in 
figure 79. Failure did not occur in this primary test area. The crack that 
ultimately caused failure of the panel initiated at an edge of the panel 
approximately 230 mm (9 in.) above the mid-panel test area and progressed 
inward, indetected, on one face sheet for a distance of 76 mm (3 in.) prior to 
catastrophic failure. The general location of failure initiation was in one 


face sheet along a raw edge of the panel which resulted when the speciinen was 
cut to test configuration fran a larger SPF/DB panel. Thus the resulting test 
panel did not have edge closeout monbers such as the type that would exist on 
production aircraft panels. 

The strain gages mounted on the facesheet were read periodically from the 
beginning of the test to confirm the desired stress level. They did not, 
however, register any significant redistribution of stress from the growing 
mid-panel artificial crack because the test was terminated before the crack had 
grown into their area of influence. 

Based on the inadvertent failure of this panel it should not be assumed 
that the SPF/DB process produces structurally deficient panels. Prior to the 
inadvertent failure, this test had successfully demonstrated one crack-free 
durability lifetime of 21,100 flights and 50,000 flight hours plus 3/4 lifetime 
of steady, non- catastrophic growth from an intentionally initiated crack at the 
mid- panel test area. 

Because of the close proximity of the failure to the mid-panel test area 
it was deemed impractical to effect a repair that would not impact the 
subsequent distribution of the load in a continuing test, thus the notion of a 
repair was discarded and the test was terminated. 


SECTION III 


CONCLUSIONS 

It is felt that all stated objectives of this program have been 
essentially satisfied. More specifically, in an examination of the nro^am 
results with respect to the detail objectives (refer to Introduction), it can 
be concluded that: 

1, SPF/DB titanium alloy expanded truss-core sandwich has been shown to 
be an applicable and qualified candidate for future supersonic cruise 
aircraft design in that basic structural allowables can te reliably 
predicted. (The relative cost/weight merits of SPF/DB titaniun 
sandwich in comparison with other structural concepts are not within 
the scope of this program.) Test results from replicate specimens for 
the various loadings and temperatures tested showed a statistically 
acceptable repeatability and satisfactory correlation with analytical 
predictions. Where empirical factors need be applied to the 
analytical formulae, they are easily determined. 

It must be noted that in regard to evaluating the overall 
applicability of SPF/DB titanium sandwich to future supersonic cruise 
aircraft, this program contributes only a first step in that broad 
objective. The development of the technology of SPF/DB titaniun 
sandwich structural design will require a carefully planned, 
multidirectional program of many phases to evolve a fully validated, 
competitive system. 

2. State-of-the-art procurement specifications and optimized process 
parameters for SPF/DB titaniun sandwich were established by the Air 
Force BLATS program in a virtually concurrent schedule with this 
program. This program corroborated that predetermined sandwich 
geometries can be consistently produced over relatively large panels. 
It is felt that the various quality discrepancies experienced were the 
result of economies inherent in a low-volime development pro^am and 
would become negligible in a production environment with dedicated 
tooling. However, this program did emphasize the vital importance of 
precise process control and a rigid quality assurance specification. 


3. The SPF/DB titaniun sandwich design data base was supplemented by this 
program to the extent permitted by the limited range of variables 
encompassed. In static strength, the most important contribution was 
the demonstration of the validity of the analytical prediction 
techniques and the ability to generate straightforward OTpirical 
adjustment factors where necessary. In the area of fatigue strength 
and crack-growth characteristics, basic data were acquired. One 
crack-arresting design concept was investigated. 


Section IV 
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Figure 2. Program Schedule 



41 


Figure 3. Selected Liemonstration Panel - Boeing NASA SSI Study Aircraft 





Figure 4. Design Wing Covers at Point 
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1 igure l‘J. Container and Insert 
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I Lgure 21. Pack, (Container, and Surroiuiding Installation 
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1-igure 31. Panel Dimensions Notation 
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I'igure S3. l.ongitudinal Core Shear Specimen.-- 


ORIGINAL PAGE 



72 


Figure 34. l,ongitutlinal and Transverse Bending Beam Specimen.s 
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Figure 35. Longitudinal Short Column - Test Versus Predicted Stress 
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Figure 36. Longitudinal Short Column - Test Versus Predicted Modulus 
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iyure 38. lli}>h-Tenperature Longitduinal Short Coluiim lest Setup 
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Figure 40. Longitduinal Short Column - Closeup After lailurc 
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Figure 43. Transverse Short Colimin Test Setup 
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liguro 45. Iransverse Short Column After failure (Closcupt 
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Figure 46. Longitudinal Core Shear - Test Versus PredictvJ Stres 
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ligurc 48. Longitudinal Core Shear Specimens After laiiure 
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Figure 50. Plasticity Correction Factor in Conpression 
for Ti-6A1-4V SPF/DB Processed Material 
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Figure 54. Longitudinal and Transverse Bending Beams After Failure 
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Figure 57. Cross Sections of Crack Growth Test Specimens 
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igure 59. Crack Growth Curve for Test Specimen F-09 at -54° C (-65° F) 
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Figure 61. Crack Growth Curves for Longitudinal Core Tests 
at Three Teinperatures 
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Figure 62. Crack Growth Curve for Test Specimen F-05 at 21° C (.70° FI 
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Figure 64. Crack Growth Rate Riot for Te..it Specimen F-12 at :i“ C C0° P) 
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Figure 65. Crack Growth Curve for Test Specimen F-13 at -54° C (-65° FI 
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Figure 67. Crack Growth Curve for Test Specimen F-14 at 260° C (500° F) 
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figure 78. Vat igue Stn.ctural Performance Panel 












Figure 79. Crack Growth Curve for the Structural Performance Panel 
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Panel Number 
_2 3 

,(4) 

X X 

X 

x(2) 

NOTES: 1. Edge only 

2. 6 to 12 nm (1/4 to 1/2 inch) diameter 

3. 152 ran (6 inches) diameter 

4. At node termination only 

5. 51 of panel area 

6. 201 of panel area 

7. 60 % of panel area 

8. 60 % of panel area. Distortion not perceptible to visual 
examination of cut specimens 


1 _ ' ^ 
;( 6 ) 

,(7) 

X 


Discrepancy Type 



1 

Core rupture 
Core thinning 

x'» 

Core distortion 

Core spacing 

V 

yv 

Nonbonds 

xt2) 


9. 70% of panel area 



























































Table IV 


MATERIAL PROPERTIES 


Tenperature 

-54° C 

RT 

o 

o 

n 

F rMPa) 
cy ■ 

932.9 

813.6 

488.2 

£c (GPa) 

115.90 

113.08 

96.19 


NOTE The use of nondifferential chan-milling of the panels, with consequently 
heavier than designed faces, caused the buckling stress level for the 
longitudinally tested specimens to be pushed into the plastic range and 
introduced the influence of the plasticity correction factor into the 
prediction of the buckling stresses. New data should be obtained in the 
inflwnce^^^ stress) to eliminate the plasticity factor 


121 



Table 



Modulus of Elasticity in GPa 
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LQNGITUDIJWL TEST EVALUATION 
























CORE SHEAR TRANSVH^E TEST EVALUATION 



















SPBCUOI LIST FOR IHE 01 



l) For the transverse core tests, the listed maximun stress equals the load divided 
rack arrest strips when appropriate. No core material was assuned effective. See T 
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